In a previous study, it was found that the decrease in the total plasma bilirubin level (Btot) in preterm infants was associated with the decrease in oxidative stress. We hypothesized that this occurs as a result of a pro-oxidant effect of heme oxygenase (HO), which outcompetes with the antioxidant properties of bilirubin. In this study we studied 12 preterm infants in whom the plasma levels of Btot, total hydroperoxide (TH), protein SH groups, HO activity, non-transferrin-bound iron (NTBI), and erythrocyte CuZn superoxide dismutase (CuZn SOD) activity were concurrently measured when the Btot was Ͼ220 M and after a Btot drop of Ͼ34 M. The Btot decrease was concurrent with the TH decrease, protein SH groups increase, and the HO and CuZn SOD activity increase and was not associated with an NTBI increase. We concluded that 1) Btot does not exert a meaningful antioxidant effect in vivo; 2) HO does not exert a pro-oxidant effect involving an NTBI increase and that, on the contrary, it could exert an antioxidant effect; and 3) the concurrent HO and CuZn SOD activity increase could indicate a synergic antioxidant effect of the two enzymes. Many illnesses in preterm infants, including chronic lung disease, necrotizing enterocolitis, retinopathy of prematurity, and intracranial hemorrhage, are thought to be related to the action of reactive oxygen species. This presumably occurs because the antioxidant system of preterm infants is at the same time highly stressed and incompletely developed (1). Moreover, it is well known that during the first days of life, the catabolism of fetal Hb results in a tissue burden of heme that is a potentially pro-oxidant damaging molecule that not only provides a lipophilic form of iron but can itself directly attack the lipid bilayer, the cytoskeleton, and DNA (2,3). Several reports have emphasized the antioxidant role of bilirubin, which in human neonatal plasma seems to have a greater antioxidant potency than urates, ␣-tocopherol, or ascorbates (4). Nevertheless, although the antioxidant effect of bilirubin as a scavenger of reactive oxygen species is well documented in vitro (5-8) as well as in animal studies (9), its role in vivo has not been definitively clarified in preterm infants (10 -13). Even less is known about the role of heme oxygenase (HO) in oxidative stress of the newborn infant. Heme oxygenase is the enzyme responsible for physiologic heme degradation into equimolar amounts of CO and biliverdin and the release of free iron (14). It has been suggested that its inducible form, HO-1, might represent a generalized response to oxidative stress (15) (16) (17) and that HO-1 could confer cellular protection against oxidant stress (14,18 -20). However, recent studies suggest that HO-1 induction might not always be beneficial and that the release of redox-active iron from heme might induce enhance oxidative stress (21, 22) .
In a previous study, it was found that the decrease in the total plasma bilirubin level (Btot) in preterm infants was associated with the decrease in oxidative stress. We hypothesized that this occurs as a result of a pro-oxidant effect of heme oxygenase (HO), which outcompetes with the antioxidant properties of bilirubin. In this study we studied 12 preterm infants in whom the plasma levels of Btot, total hydroperoxide (TH), protein SH groups, HO activity, non-transferrin-bound iron (NTBI), and erythrocyte CuZn superoxide dismutase (CuZn SOD) activity were concurrently measured when the Btot was Ͼ220 M and after a Btot drop of Ͼ34 M. The Btot decrease was concurrent with the TH decrease, protein SH groups increase, and the HO and CuZn SOD activity increase and was not associated with an NTBI increase. We concluded that 1) Btot does not exert a meaningful antioxidant effect in vivo; 2) HO does not exert a pro-oxidant effect involving an NTBI increase and that, on the contrary, it could exert an antioxidant effect; and 3) the concurrent HO and CuZn SOD activity increase could indicate a synergic antioxidant effect of the two enzymes. Many illnesses in preterm infants, including chronic lung disease, necrotizing enterocolitis, retinopathy of prematurity, and intracranial hemorrhage, are thought to be related to the action of reactive oxygen species. This presumably occurs because the antioxidant system of preterm infants is at the same time highly stressed and incompletely developed (1). Moreover, it is well known that during the first days of life, the catabolism of fetal Hb results in a tissue burden of heme that is a potentially pro-oxidant damaging molecule that not only provides a lipophilic form of iron but can itself directly attack the lipid bilayer, the cytoskeleton, and DNA (2,3). Several reports have emphasized the antioxidant role of bilirubin, which in human neonatal plasma seems to have a greater antioxidant potency than urates, ␣-tocopherol, or ascorbates (4). Nevertheless, although the antioxidant effect of bilirubin as a scavenger of reactive oxygen species is well documented in vitro (5-8) as well as in animal studies (9) , its role in vivo has not been definitively clarified in preterm infants (10 -13) . Even less is known about the role of heme oxygenase (HO) in oxidative stress of the newborn infant. Heme oxygenase is the enzyme responsible for physiologic heme degradation into equimolar amounts of CO and biliverdin and the release of free iron (14) . It has been suggested that its inducible form, HO-1, might represent a generalized response to oxidative stress (15) (16) (17) and that HO-1 could confer cellular protection against oxidant stress (14,18 -20) . However, recent studies suggest that HO-1 induction might not always be beneficial and that the release of redox-active iron from heme might induce enhance oxidative stress (21, 22) .
In a previous study, we found that in jaundiced preterm infants, a decrease of bilirubin plasma level (Btot) was asso-ciated with an increase of plasma antioxidant capacity and a decrease of oxidative stress in preterm infants; this did not occur in a similar population of preterm infants who did not have jaundice and did not show changes of oxidant stress during the study period (23) . To explain these results, we hypothesized that this occurs as a result of a pro-oxidant effect of HO-1, mediated by iron release, which could overcome the antioxidant properties of bilirubin. To evaluate this hypothesis, we carried out the present prospective study in which the plasma levels of Btot, total hydroperoxide (TH), protein SH groups, HO activity, non-transferrin-bound iron (NTBI), and erythrocyte CuZn superoxide dismutase (CuZn SOD) activity were measured concurrently in a cohort of preterm infants.
METHODS

Patients.
The study was conducted at the neonatal intensive care unit of Careggi University Hospital of Florence after approval by the Local Ethical Committee. After obtaining informed parental consent, we studied 12 healthy preterm infants who were enrolled consecutively in the study when they were Յ36 wk gestational age, were Յ7 d of age, presented nonhemolytic hyperbilirubinemia requiring phototherapy, did not require respiratory support, were clinically stable, did not experience perinatal asphyxia or sepsis, and had no major congenital malformations. When parenteral nutrition was required, the solutions were protected from light and did not contain lipids and multivitamins to exclude the occurrence of oxidative stress from this source (24) .
For each newborn infant, sex, gestational age, birth weight, type of delivery, Apgar score at 5 min, antenatal steroid treatment, main pathologies, and pregnancy diseases were recorded. The Btot was measured in blood samples by reflectance spectrophotometry (Microbilimeter; Ginevri, Rome, Italy) at study entry and after the Btot dropped Ͼ34 mol/L. The accuracy of Btot measurement in our unit was recently tested. and the correlation between our laboratory method and the HPLC Btot measurement was high (r ϭ 0.927; 95% confidence interval 0.906 -0.944) (25) .
At the same time, a blood heparinized sample was obtained to measure TH, protein SH groups, HO activity, NTBI plasma level, and erythrocyte CuZn SOD. Erythrocyte CuZn SOD activity was evaluated to confirm indirectly the existence of oxidative stress in our patients because it is widely known that the expression and the activity of CuZn SOD are enhanced by oxidative stress (26) .
The blood samples were obtained from the umbilical venous catheter when possible or from a peripheral vein. In the first case, infusion contamination was excluded by aspirating the infused solution and at least 0.5 mL of blood from the catheter before collecting blood for the analysis. Conventional phototherapy (Photo-Therapie 800; Drager, Lubeck, Germany) was initiated for a Btot value of Ͼ220 mol/L and was discontinued when Btot was Ͻ170 mol/L.
Procedures. After centrifugation, the plasma and buffy coat were removed. The erythrocyte pellets were washed three times with 0.9% NaCl. The analyses of TH and protein SH groups were carried out in plasma within 2 h of blood sampling to avoid the effects of storage. The remaining samples of plasma and red blood cells were frozen at Ϫ80°C for later analysis of HO and CuZn SOD activity and NTBI.
TH represents a measure of overall oxidative stress, given that it is the intermediate oxidative product of lipids, peptides, and amino acids. Its production was measured with a d-ROMs Kit (Diacron srl, Grosseto, Italy) by the method described by Buonocore et al. (27) . The results were expressed in conventional units, called Carr units. The value of 1 Carr unit is equal to a concentration of 0.08 mg/dL of hydrogen peroxide. Protein SH groups were measured with a SHp Test (Diacron srl, Italy) using a spectrophotometric procedure in accordance with Ellman (28) . For determining HO-1 activity, red blood cells were washed twice with 0.9% NaCl and then homogenized and incubated for 30 min at 37°C with 50 L of rat liver biliverdin reductase (0.21 g of protein in a volume of 100 L) to convert biliverdin in bilirubin. The concentration of SH groups was expressed as mol/L of protein SH groups. The level of bilirubin was measured spectrophotometrically using a Sigma Chemical Co. Diagnostic Procedure (St. Louis, MO) and was expressed as nanograms of bilirubin formed per milligram of protein per hour. NTBI plasma levels were determined by HPLC using the method described by Kime et al. (29) , partially modified, and were expressed as micromoles per liter. For measurement of CuZn SOD activity, Hb was removed from lysed erythrocytes, and the CuZn SOD activity was determined using a cytochrome c assay (30) and expressed as units per gram of Hb. The amount of CuZn SOD required to inhibit the rate of reduction of cytochrome c by 50% was defined as a unit of activity.
Statistical analysis. In planning our study, we calculated that a sample size of at least 12 infants in each group was required to detect a significant correlation between a change of 30% in TH plasma concentration and a change of 50 Mol/L in Btot, with 80% power at 0.05 level. The data were expressed as mean values (Ϯ SD) and analyzed for statistically significant differences by ANOVA test for continuous variables. Simple regression analysis was used to assess the correlation among Btot, HO activity, CuZn SOD activity, TH, and protein SH groups.
RESULTS
Twelve infants, 7 boys and 5 girls, were enrolled consecutively in the study. The mean gestational age and birth weight of the neonates was 32.1 (Ϯ1.6) weeks and 1730 (Ϯ498) g, respectively. Apgar score was 7.2 (Ϯ1.8) at 1 min and 8.3 (Ϯ0.7) at 5 min. Eight (67%) infants were born by cesarean section, and nine (75%) infants received antenatal steroid treatment. All patients received phototherapy for a mean duration of 2.6 (Ϯ1.5) days. Among the mothers, seven were affected by preeclampsia, one was affected by placental abruption, one was affected by placenta previa, and three presented as idiopathic preterm delivery. All of the neonates with hyperbilirubinemia were admitted with the diagnosis of prematurity, but two experienced transient tachypnea, two experienced symptomatic hypoglycemia during the first 2 d of life, and three developed moderate feeding intolerance. During the 874 study period, four patients received parenteral nutrition that did not exceeded 50% of fluid intake.
Because of the small size of blood samples in two patients, it was not possible to determine protein SH groups and in two other patients, it was not possible to determine CuZn SOD activity. The first blood sample was drawn at 3.7 Ϯ 1. (Table 1) . Finally, NTBI was found only in three samples from two patients (0.55 and 0.9 M in the first patient and 0.25 M at study entry in the second patient); therefore, we did not include this biochemical parameter in statistical analysis.
The Btot did not correlate with HO activity (r ϭ Ϫ0.420, p ϭ 0.065), CuZn SOD activity (r ϭ Ϫ0.235, p ϭ 0.348), TH (r ϭ 0.382, p ϭ 0.097), or protein SH groups (r ϭ Ϫ0.537, p ϭ 0.238) values. A statistically significant correlation was observed between HO-1 plasma activity and CuZn SOD plasma activity, TH, and protein SH groups; between CuZn SOD activity and TH and protein SH groups; and between TH and protein SH groups (Fig. 1) .
DISCUSSION
This is the first study to investigate the role of Btot in association with that of HO-1 in oxidative stress in preterm infants. Our results showed a decrease of Btot concurrent with the decrease of oxidative stress in preterm infants, as indicated by the decrease of TH and the increase of protein SH groups. These results confirm the findings of our previous study (in which we demonstrated that the decrease of Btot was associated with a decrease of oxidative stress in preterm infants, whereas this did not occur in the control group of infants without hyperbilirubinemia) (23) and disagree with previous studies using in vitro (5) (6) (7) (8) and animal models (9), both of which described the antioxidant properties of bilirubin. However, bilirubin was not always found effective as an antioxidant agent: Mireles et al. (8) demonstrated in vitro that a bilirubin concentration Ͼ30 mg/dL is associated with an increase in protein oxidation; moreover, the infusion of 15 mg/kg of bilirubin in an animal model was not effective in preventing oxidative stress and pulmonary hypertension induced by group B Streptococcus (31). Figure 1 . Correlation between HO and CuZn SOD activity (a), HO activity and TH plasma levels (b), HO activity and protein SH groups plasma levels (c), CuZn SOD activity and TH plasma levels (d), CuZn SOD activity and protein SH groups plasma levels (e), and TH and protein SH groups plasma levels (f). 
HEME OXYGENASE AND OXIDATIVE STRESS
Our results confirm the findings of Yigit et al. (10) , who did not find a correlation between oxidative stress and Btot in preterm infants with nonhemolytic hyperbilirubinemia, and Gopinathan et al. (11) , who did not observe a correlation between Btot and total plasma antioxidant capacity in preterm infants. However, Belanger et al. (12) found an association between reduction of the antioxidant capacity of plasma after exchange transfusion and the following decrease of Btot. This result, however, as indicated by the authors, could be explained by factors other than the bilirubin decrease, such as the oxidative stress induced by a large amount of transfused blood and the consequent overload of iron through the transfusion (21). Hammerman et al. (13) found a correlation between Btot and plasmatic antioxidant capacity, but the Btot of their patients was lower (mostly no more than 150 M) than that reported in other studies (10 -12,23) , and they did not specify how many patients underwent phototherapy. In fact, to partially explain these conflicting results, it is important to consider that the correlation between Btot and the antioxidant capacity of plasma could be different at low and high Btot and could be affected by phototherapy through its lowering effect on Btot, which, moreover, can explain the lack of correlation between bilirubin and HO activity.
The objective of our study was to determine whether the decrease of Btot associated with the decrease of oxidative stress in preterm infants might be explained by a pro-oxidant effect of HO-1, mediated by iron release. In fact, the role of HO-1 as pro-oxidant agent has been reported (32) . Heme oxygenase is the enzyme responsible for physiologic heme degradation: it catalyzes the degradation of heme into equimolar amounts of CO and biliverdin, with the release of free iron (14) . Three isoforms of HO have been isolated: inducible heme oxygenase (HO-1), constitutive heme oxygenase (HO-2), and the more recently discovered and less active heme oxygenase isoform (HO-3) (15) . HO-1 is a known stress response protein, whose transcription can be induced by a whole array of stresses, including endotoxin, transition metals, heme, Hb, and other heme proteins (32) . Indeed, it has been suggested that HO-1 induction might represent a generalized response to oxidative stress (15, 16, 33) and that it could confer cellular protection against oxidant stress (14, 18, 20, 34) . However, recent studies suggest that HO-1 induction might not always be beneficial and that the release of redox-active iron from heme might induce an increase of oxidative stress (21, 35) . Moreover, in vitro studies (36, 37) suggested that the possible protective antioxidant action of HO-1 could occur within a narrow range, as occurs when HO-1 is overexpressed, and free iron release may obviate any cytoprotective effect against oxidative stress (38) .
In our patients, we demonstrated an increase of HO-1 activity in blood concurrent with the decrease of Btot and linearly correlated with the increase of CuZn SOD activity and the decrease of oxidative stress (represented by the decrease of TH and an increase of protein SH groups). These results and the lack of increase of NTBI exclude the hypothesis of a prooxidant effect of HO-1, which was based on the belief that the decrease of Btot was associated with a decrease of HO-1 activity. On the contrary, our data suggest an antioxidant effect of HO-1 that seems to be exerted in vivo by mechanisms other than bilirubin formation. These protective mechanisms could involve the removal of the pro-oxidant heme (2, 3) , the removal of hydrogen superoxide during the degradation of heme (39) , the induction of ferritin synthesis that sequesters redox-active iron (38 -40) , and the regulation of superoxide anion production (41) . Other possible mechanisms could involve the multiple ways by which CO modulates inflammatory processes, such as the reduction of neutrophil adhesion and extravasation (42) , the reduction of histamine release from mast cells and human basophils (43, 44) , inhibition of the expression of proinflammatory cytokines such as tumor necrosis factor-␣ and IL-1␤, and an increase of anti-inflammatory cytokine IL-10 (45).
In conclusion, we found that in our patients, the decrease of Btot was concurrent with the decrease of oxidative stress in preterm infants and with the increase of HO-1 and CuZn SOD activities and was not related to the increase of NTBI. This suggests that 1) Btot does not seem to exert a significant antioxidant effect in vivo despite displaying such activity in vitro; 2) HO-1 does not exert a pro-oxidant effect through an increase of NTBI and, on the contrary, could exert an antioxidant effect; and 3) the increase of HO-1 activity is correlated with the increase of CuZn SOD activity, suggesting a synergistic antioxidant action of the two enzymes.
